Small organic molecules have proven to be invaluable tools for investigating biological systems, but there is still much to learn from their use. To discover and to use more effectively new chemical tools to understand biology, strategies are needed that allow us to systematically explore 'biological-activity space'. Such strategies involve analysing both protein binding of, and phenotypic responses to, small organic molecules. The mapping of biological-activity space using small molecules is akin to mapping the stars -uncharted territory is explored using a system of coordinates that describes where each new feature lies.
When no ligand for a particular protein is known, screening of chemical libraries is often undertaken in the hope of identifying compounds that bind to the protein with reasonable affinity. Two distinct but complementary approaches can be applied: experimental (usually highthroughput; see Box 2) screening and structure-based virtual screening.
In one type of experimental screening, the protein is expressed and purified and used in a high-throughput screen to find small molecules that bind to it. This can be a timeconsuming and expensive endeavour, and for many proteins it can fail to yield an effective ligand. Alternatively, in structurebased virtual screening, an atomic resolution structure of the protein is obtained using X-ray crystallography or nuclear magnetic resonance (NMR) spectroscopy. This protein structure is then used in a computer-based experiment to find small molecules predicted to bind to the protein. Using programs such as AutoDock, DOCK, FlexX, FRED, GOLD and Glide, millions of compounds can be examined in silico for their propensity to interact with the target protein, and the relative fit of each candidate scored [66] [67] [68] [69] [70] . This virtual screening approach has been used to generate ligands for casein kinase II using DOCK and SCORE 71 , and for the BCR-ABL oncoprotein using DOCK 72 . Although this is a useful emerging technology, current success rates are low because it is difficult to predict how small molecules will interact with a protein; there is flexibility in the torsion angles in both the protein and small molecule, causing uncertainty regarding the threedimensional structure of both. Improvements in the predictive accuracy of such programs will affect virtual screening, and so the discovery of novel protein ligands.
Although these two approaches to ligand discovery are distinct, they can be used together to enhance the chances of finding an active compound. In particular, within the pharmaceutical industry, the use of virtual screening as a 'filter' to select compounds from very large virtual libraries for experimental screening has become increasingly common. This filtering process can use various types of information (for example, the crystal structures of the protein itself), with the aim of enriching the library that is experimentally screened with 'active' structures. Furthermore, computational filters can also be used to remove compounds that have inappropriate properties from the screening library, as discussed in Box 3. A review of this topic is given in ref. 73. type of small-molecule modulator. Thus, key aims should be to determine the full range of protein classes that occur in biology and to understand what type of small molecule interacts with each class. A similar argument can be made for determining the full range of phenotypes or observable properties of cells and organisms that occur in biology, given that the molecular basis of phenotypes is what we are ultimately hoping to understand. A central challenge facing the field of chemical genetics is therefore the mapping of 'biological-activity space' , which involves analysing both protein binding of, and phenotypic responses to, small molecules. My aim here is to describe the challenges -including the design of synthetic chemicals, protein-binding and phenotypic assays, and ensuring quality control -that must be overcome to create a comprehensive map of biological-activity space using small molecules. Other systematic approaches to investigating biological systems, such as the use of RNA interference (RNAi), in which synthetic RNA fragments are designed to interfere with the expression of specific genes 9 , or antibodies 10 , are not covered here, but in many cases, could offer complementary information on systems of interest.
Assembling the 'ideal' chemical library
If small molecules are to be used as analogues of genetic mutations for studying mammalian systems, they must show the same generality as mutations. That is, they need to be applicable to the study of most or all proteins in an organism 7 . However, the specific chemical structure needed to bind to each protein is necessarily different: the requisite structure is determined by the shape of the available binding pockets on each protein. So, if we wish to create an 'ideal' chemical library for chemical genetics -one that contains a small-molecule ligand or binding partner for each protein -structures that bind to each protein need to be identified.
Of course, no existing chemical library contains compounds that bind selectively to every protein. Furthermore, there are many proteins for which no small-molecule ligand has yet been identified. Identifying new compounds with differing selectivities, or that bind to novel proteins, typically involves some type of screening experiment in which a library of compounds is assessed for the property of interest. Here, I focus primarily on understanding the biological effects of 'active' small molecules; that is, those molecules that possess a property of interest. A discussion of the screening approaches used to identify such molecules from the many that have no activity of interest is described in Box 1. The differences between high-throughput screening for modulators of a particular protein (a core activity of the pharmaceutical industry) and performing global analyses of the biological effects of a library of small molecules (a core activity in chemical genetics) are discussed in Box 2.
Whether the goal is to find a ligand for a particular protein, or to use the global effects of a library to elucidate biological processes, the composition of the library used in the screening experiment is a key factor. Libraries can be assembled from available compounds or synthesized de novo. In practice, there are two types of chemical libraries that can be synthesized today: 'focused libraries' and 'diversityoriented libraries' 11, 12 ( Fig. 1 ). Focused libraries are designed around a specific piece of a small molecule, known as a scaffold, and are used to target a specific class of proteins. Often, such scaffolds may be chemically related to endogenous ligands for particular protein classes. Recent examples of focused libraries include those targeted against G-protein coupled receptors (GPCRs) 13 , proteases 14 , phosphatases 15 and kinases 16 . In contrast, diversity-oriented libraries are insight review articles Figure 1 Comparison of diversity-oriented synthesis (DOS) and focused library synthesis (FLS). a, The goal of DOS is to create collections of compounds that are maximally diverse, thereby increasing the probability that different proteins will be targeted by different compounds in the library. In the example shown, Burke et al. 65 created a library of compounds with different core structures (skeletons) starting from a common set of precursors (left). The six compounds on the right have different connectivity and are likely to interact with different proteins. b, The goal of FLS is to create analogues of the same core structure to optimize binding to a target or class of targets. If the compounds created are too diverse, they may lose their propensity to interact with the designated target protein. In this example, Sodeoka et al. 15 created a collection of acyltetronic acids that act as phosphate mimetics and so are likely to inhibit phosphatases. Their synthesis resulted in a library of compounds that are identical except for the portion highlighted in orange.
In a high-throughput screen, many different chemicals (or other test reagents) are evaluated in the same biological test for their effects on a protein or cellular process. The term 'screen' is used to indicate that many different chemicals are tested but only a small number of them are expected to be active. The term 'high-throughput' is used to indicate that many chemicals are put through this process in a short period of time. There are, however, two types of analyses that can be performed on large data sets: screens and global analyses. Both approaches involve collecting a large amount of data on the effects of specific compounds or other reagents in the same assay. However, the goals of the two approaches differ: screens seek simply to identify several active reagents that can be investigated further in subsequent experiments, whereas global analyses seek to draw meaningful conclusions regarding all the reagents that were tested in the screen. Thus, a high rate of false negatives and false positives can be tolerated in a screen because as long as a few true positives can ultimately be confirmed, the screen is successful. Unfortunately, the same is not true for global analyses, which require low false-positive and false-negative rates for the data to be meaningfully interpreted. Those setting out to perform a global analysis would be wise to consider performing numerous replicates of each compound at several concentrations. It is perhaps only a slight exaggeration to state that academic scientists frequently wish to understand fundamental property relationships between structure and activity, whereas industry scientists often seek to identify a few lead compounds that can be pursued as drug candidates. Nonetheless, the goals of individual researchers performing large numbers of chemical tests differ, and therefore the required data quality, the necessary number of tests and the properties of the tested compounds will be different for each investigator.
Box 2
High-throughput screens versus global analyses not targeted to any specific protein class and are often used in broad screens in which the target proteins are not known. Because the goal of diversity-oriented synthesis (DOS) is to create a maximally diverse collection of compounds, the synthetic planning algorithms required are distinct from those used to create single compounds or focused libraries 17, 18 . Recent examples of DOS include the synthesis of tricyclic compounds using Ferrier and Pauson-Khand reactions with a glycal template 19 , and the synthesis of tetrahydroquinoline 20 and hydroxyindole 21 derivatives. Each approach to chemical-library design has its advantages and disadvantages. Compounds in focused libraries are more likely than random compounds to be active, but they only target proteins in a known class. Diversity-oriented libraries, in contrast, offer the possibility of targeting entirely new classes of proteins, but any individual compound has a lower probability of activity. The pharmaceutical industry, being justifiably risk-averse, has moved towards the use of focused libraries. Practitioners argue that fewer compounds of greater quality and with a greater probability of becoming drugs are more valuable than larger libraries with compounds that are not likely to become drugs (see Box 3 for a discussion of additional factors considered by the pharmaceutical industry when assembling screening libraries, some of which could also be important for libraries for chemical genetics). Some academic groups, however, without the same constraints of industry, are pursuing higher-risk strategies centred on diversity-oriented approaches. The two approaches are ultimately complementary: a ligand to a new protein class discovered from a diversity-oriented library can serve as the basis for a future focused library that explores the structure-function relationships for compounds targeting this new class of proteins.
More effective chemical libraries for chemical genetics would contain compounds that affect specific proteins and phenotypes but not other closely related proteins and phenotypes. These compounds should also collectively affect a diverse range of proteins and phenotypes. The design of more effective libraries would be aided by assessments of the specificity and diversity of existing libraries, and of each new chemical library as it is designed and synthesized. This would mean that optimal libraries for a given purpose could be rationally assembled from members of other libraries.
insight review articles
Chemical-diversity analysis is routinely carried out today using commercial software packages that catalogue the diversity of structures present in a library (Box 4). But more relevant is the diversity of biological activities shown by a library of compounds. For example, consider a library of ten compounds that have dramatically different structures but that all bind to the protein tubulin: this is a library with significant chemical diversity, but minimal diversity of biological activity. Although there is often a correlation between chemical diversity and the diversity of biological activity, there is not a simple one-to-one correspondence.
To assess the biological-activity diversity of a compound library, it is necessary to evaluate the range of biological activities shown by the library. This involves parameterizing 'biological-activity space' , or creating 'metrics' that characterize the activity and specificity of each compound in a library. Protein-binding is a useful metric because many small molecules exert their biological effects by interacting with specific proteins in cells. Phenotypic activity is also useful to measure because ultimately we are interested in understanding how protein binding relates to phenotypic changes.
Indeed, such approaches have been implemented by several groups. Kauvar et al. 22 reported a protein-affinity map of 'chemical space' and showed that the pattern of protein binding by small molecules can be used to cluster compounds. Greenbaum et al. 23 used a similar approach, which they termed affinity fingerprinting. They used this approach to characterize the affinity of a library of peptidic epoxides for numerous proteases and thus to group these proteases by reactivity. Finally, Weinstein et al. 24 used an analogous approach with a phenotypic assay. By measuring the effects of compounds on the proliferation of a panel of 60 tumour cell lines, Weinstein and colleagues 24 discovered that compounds with similar structures or similar mechanisms of action had similar phenotypic profiles (that is, inhibited the growth of a similar set of tumour cell lines). In the remainder of this review, I will consider the status of the methods available for further exploring 'biological-activity space' and consider some of the key challenges inherent in this endeavour.
Protein-binding assays
Methods have been created to measure the ability of small molecules to bind to specific proteins 25 (Table 1) . In recent years, there has been A number of other properties of small molecules are important to their use as a tool or potential drug, in addition to their ability to bind potently and specifically to particular protein targets. Such properties include their ability to cross biological membranes, to be substrates for drug efflux pumps in cells, their chemical stability, and their solubility in water and dimethyl sulphoxide (a common organic solvent). There has been much interest in the pharmaceutical industry in engineering such 'drug-like' properties and discarding candidate compounds that are unlikely to be effective drugs, even before they are synthesized. The most widely used of these drug-like property rules are those formulated by Lipinski et al., who compared the computed properties of marketed drugs with those of non-drugs 74 . In recent years, there has been a trend towards creating libraries of compounds that are predicted to be 'lead-like' rather than drug-like. This is in recognition of the fact that as a compound progresses from being a drug lead to an actual drug, its properties tend to change in a consistent way: drugs are typically larger and more hydrophobic than leads 75 . This reflects the practical fact that medicinal chemists tend to add chemical matter rather than remove it during lead optimization. Better predictions of drug-like and lead-like properties will have an important impact on the creation of both drug candidates and chemical tools; chemical tools also need to be soluble, stable and able to penetrate across biological membranes.
Box 3 Additional factors to consider in library design
Small organic molecules come in all shapes and sizes. The diversity of a library is a quantitative description of how different these compounds are from each other. Consider library A with ten compounds that all look identical except for the nature of one sidechain, compared to library B with ten compounds that have dramatically different sizes and shapes. Intuitively, most people agree that library A is in some way less diverse than library B. However, to be rigorous it is necessary to specify the attributes that are more or less diverse in these two libraries. For example, if we were to calculate the range of molecular masses in the two libraries and to find that library A has molecular masses that range from 300 to 350 daltons but that library B has molecular masses that range from 200 to 500 daltons, we could say that in terms of molecular mass, library B covers six times the range of molecular masses in library A. Similarly, we could calculate the differences in the ranges of other properties, such as charge, number of atoms, number of rotatable bonds and so on. Such properties, called descriptors, can readily be calculated using commercially available software. These descriptors allow for a quantitative description of chemical diversity. Unfortunately, an additional complication is that diversity of chemical structure does not necessarily imply diversity of biological activity. Finding descriptors for biological activity is necessary to describe the diversity of biological activities for compounds present in a library.
Box 4
Calculating chemical diversity a trend towards testing the specificity of a compound for binding one protein relative to related proteins of the same class (for example, kinases) 26, 27 . Such protein-binding assays can be divided into two types: those that use labelled compounds and those that are label-free (a label is a fluorescent or radioactive group that is added to a test compound). Although labels make protein-ligand interactions easier to observe, they can also be difficult to introduce into a compound, which increases the time and expense associated with measuring protein binding. A brief description of the main assay formats of each type can be found in Table 1 , together with references that contain further information on each type of assay.
Although methods are available for measuring the binding of a small molecule to a protein or to a handful of related proteins, few methods systematically measure the binding of small molecules to hundreds or thousands of proteins (Box 2). Such high-throughput protein-binding measurements are required if we are to capture the range of activities shown by small molecules. Label-free detection methods are preferred because they do not require the extra synthetic chemistry involved in introducing a label, and because introducing a label may change the properties of a molecule. However, such measurements can be more difficult to perform: without a label, a larger amount of both protein and compound must often be produced, and the instruments used for label-free measurements are slow (Table 1) .
Recent attempts to create high-throughput assays for measuring protein-ligand interactions require the use of labels. One class of high-throughput assay involves immobilizing each test compound on a surface and then incubating these immobilized compounds with a soluble labelled protein [28] [29] [30] . Many compounds can be immobilized side by side on a surface, so this method can measure thousands of protein-small-molecule interactions (Fig. 2a) . Kuruvilla et al. 8 used this technique successfully to screen 3,780 compounds for those that bind to the transcriptional repressor Ure2p, and found a compound that disrupts one of the functions of Ure2p.
A related method involves immobilizing compounds on a surface and then detecting the binding of a protein to each compound using insight review articles surface plasmon resonance 31 (Table 1 ). These surface-based methods can be useful for measuring the ability of many compounds to bind to one or several proteins. For example, Birkert et al. used such a method to measure the binding of immobilized triazines to antibodies and to screen 384 compounds for those that act as thrombin inhibitors 32, 33 . It is possible to invert these surface-based methods and to immobilize thousands of proteins side by side on a surface 34, 35 . A small molecule with a label, such as a fluorescent or radioactive group, can be applied to the surface, washed away and detected by measuring the remaining label (Fig. 2b) . Some applications of protein microarrays include the use of an array of most yeast proteins to assess the global pattern of protein activities found in yeast cells 36 , the discovery of novel protein-protein interactions in human cells 37 and an analysis of interactions between human 49 leucine zipper transcription factors 38 . A variation of this technology involves creating arrays of expression plasmids, which encode the information required to produce each protein of interest. Creating DNA arrays has become routine in the past decade and is preferable to creating arrays of proteins directly, primarily because DNA can be amplified and because thousands of different DNA-expression constructs will have similar chemical properties (solubility, stability, and so on). In contrast, thousands of different proteins will show idiosyncratic properties that are unique to each protein. It is possible to either place cells on this DNA array and cause proteins to be produced inside the cells 39 , or to use a cell lysate (produced from cells that have been broken open) to produce an array of proteins in vitro (Fig. 2c) 
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. In either case, the net result is a protein array without the added complication of purifying and immobilizing each protein. However, post-translational modifications and protein complexes that are physiologically relevant will not be captured in these formats. So far, only proof-of-principle experiments have been performed with these more recent technologies.
A final high-throughput method for measuring the binding of many proteins to one or more small molecules also has the advantage of not requiring protein purification. This is the three-hybrid system, which is typically carried out in yeast or bacterial cells 41 . In such systems, a test protein is fused to the activation domain of a transcription activator, and the test small molecule is synthetically linked to an 'anchor' compound that will interact with a protein containing a DNA-binding domain (Fig. 2d) . So, if the test small molecule is able to interact with the test protein, the transcription activation domain will be brought into close proximity with the DNA-binding domain, and expression of the reporter gene that is controlled by the system will be activated. This method was used successfully by Liberles et al. 42 to create a mutant version of the FKBP-rapamycin binding domain (FRB), which binds to a modified, non-toxic version of rapamycin.
Although several high-throughput methods have been developed for measuring protein-ligand interactions, many desirable features are not found in these systems. First, measuring the binding of small molecules to target proteins in solution is preferable to using a surfacebased method that may interfere with protein-ligand binding. Unfortunately, most high-throughput methods involve immobilizing either the ligand or the protein on a solid surface to allow parallel processing of all samples with a single solution. Second, it is better to avoid the use of labels on both small molecules and proteins because of the added time and expense needed to introduce such labels into thousands of compounds or proteins, and because the labels may change the activity of the compound or protein. Third, it is easier to use only minute quantities of protein, or better still, to manipulate only the corresponding DNA sequences and allow the system to produce the desired proteins in situ. This obviates the need to purify many proteins, each with their own solubility requirements. Fourth, it would be useful to have a system that is 'scalable' , both in terms of the binding of small molecules and of the proteins; ideally, it should be possible to automate the detection of the binding of thousands of proteins to thousands of ligands without the need for idiosyncratic modifications to the system for each ligand or each protein. Finally, all these technologies require significant investments in capital equipment and knowledge bases, which limit their adoption by many users. Thus, although each of these problems may ultimately be solved, significant barriers will prevent the widespread adoption of these technologies in the near future.
Phenotypic outcomes
In assessing the biological activities of small molecules, it is useful to consider not only protein binding but also phenotypic effects. Cellular phenotypes that are affected by small molecules include varied phenomena, such as cell death, cell migration, cell proliferation, gene expression, vesicle sorting and axonal sprouting. Organismal phenotypes affected include body weight, tumour formation, joint inflammation and the capacity for learning and memory, among many others. In fact, although there is a finite number of proteins within a given organism, theoretically an infinite number of phenotypes may be assessed for an organism. Given the infinite number of phenotypes that can exist, phenotypic assays performed for libraryassessment purposes need to be prioritized in some way. Usually, this prioritization is based on ease of measurement.
It is useful to consider how phenotypic measurements can be automated and undertaken in a high-throughput fashion to characterize the biological activity and specificity of chemical libraries. Most phenotypic measurements cannot be performed in highthroughput simply because they involve time-consuming measurements that use whole organisms, such as mice, worms, flies or zebrafish. In fact, measuring the effect of a single compound on a phenotype in mice typically involves several months of work and costs tens of thousands of dollars. For example, my laboratory recently discovered a compound, indoprofen, which has potential relevance to the pediatric genetic disease spinal muscular atrophy (SMA) 43 . To test this compound on mouse SMA phenotypes, we needed to evaluate potential routes of administration, achievable concentrations in the plasma, brain and in utero embryos given various doses, and toxicity and teratogenicity in pregnant mice. Although we found that this compound had a modest effect at extending the survival of embryos with an SMA genotype, such assays are expensive and time-consuming to perform. Such phenotypic measurements can be valuable for specific compounds of interest but they are not compatible with assessing the activity and specificity of large compound libraries. For this purpose, highthroughput phenotypic assays are needed (Fig. 3) .
A number of high-throughput phenotypic assays have been developed, including assays that measure cell viability or proliferation [3] [4] [5] . Such assays measure the presence of intact cell membranes, the abundance of cellular energy (ATP concentration), or the presence of cellular reductases or esterases, which are found in nearly all cells. Such viability assays have been extended to the analysis of synthetic lethal effects: a compound is tested for its ability to kill cells in the insight review articles Figure 2 High-throughput-assay formats for detecting small molecule-protein interactions. a, Small molecules can be covalently linked to a surface. Meanwhile, a test protein in solution is brought into contact with the surface. The protein binds to small molecules on the surface with high affinity. If the protein is tagged with a label, these interactions can be detected. b, Proteins can similarly be immobilized on a surface and brought into contact with a labelled small molecule in solution. Highaffinity interactions between the small molecule and specific proteins can then be detected by imaging the locations to which the small molecule binds. c, DNA expression plasmids can be arrayed on a surface and cells subsequently plated on top of these expression plasmids. The cells take up the DNA and produce the proteins encoded by each plasmid. Thus, this method allows for the creation of a microarray of cells that overexpress defined proteins. When a labelled compound is brought into close proximity of the array, it localizes to where cells are overexpressing these high-affinity compound-binding proteins. d, Yeast threehybrid system. Transcription factors that regulate gene expression can be divided into DNA-binding domains and transcription-activation domains. It is possible to fuse the complementary DNA sequence of a DNA-binding domain to the cDNA of an anchor protein that interacts with a known small molecule (anchor compound). The anchor compound is then chemically fused to a new test compound. If the cDNA of an activation domain is fused to the cDNA of a test protein, it is possible to determine whether the test protein interacts with the test compound with high affinity by determining whether transcription of a reporter gene has been activated. presence, but not in the absence, of a defined element, such as another compound or a gene of interest 44 . Identifying compounds that have genotype-selective activity is of interest both because such compounds can be developed into safer drugs with fewer side effects and because they can reveal the molecular consequences of oncogenic mutations in tumour cells. Moreover, viability assays can be used to search for chemical suppressors; a compound is tested for its ability to prevent the lethality of another compound or a toxic gene product. For example, Wang and Dreyfuss 45 screened for compounds that prevent the cell death that occurs when the survival motor neuron (SMN)-gene protein is eliminated from mammalian cells. Similarly, Aiken et al. 46 screened for compounds that prevent apoptotic cell death caused by the mutant huntingtin protein in PC12 cells.
Recently, gene-expression signatures have been developed into high-throughput, phenotypic assays 47 . In this approach, a geneexpression profile is measured using DNA microarrays for two cell states of interest, such as undifferentiated neutrophil (a type of granular white blood cell) precursors and differentiated neutrophils.
Then the profiles are compared and a gene signature is created which determines whether the cell is in one state or the other. By measuring the effects of small molecules on the appearance of this gene signature, it is possible to determine whether each compound changes the cell state (for example, induces differentiation of neutrophil precursors into neutrophils).
Another emerging trend in high-throughput phenotypic assays involves imaging cells using an automated microscope 48 . Such an approach allows for the detection of phenotypes that can be measured using microscopy. For example, Yarrow et al. 49 recently used an imaging-based screen to identify compounds that affect cell migration during wound healing; Kau et al. 50 used this technique to screen for compounds that prevent nuclear export of FOXO transcription factors. Image-analysis algorithms then allow for the automated processing of these images so that conclusions regarding the effects of compounds on these phenotypes can be extracted. Imagingbased phenotypes could allow for the digitization and clustering of otherwise unrelated phenotypes. Because any image consists of a series of pixels with distinct values, the relationship between any two images can be quantified mathematically.
Finally, the concentration of a particular messenger RNA or protein, such as the SMN protein, can represent a phenotype of interest. For example, patients with the disease SMA have a low SMN protein phenotype. Finding mechanisms and compounds that convert these cells to producing abundant SMN protein is of interest. This concept of molecular phenotypes can be extended to include the measurements of thousands of proteins or mRNAs simultaneously. The global pattern of these proteins or mRNAs represents a quantifiable state of a cell. Thus, measuring the abundance of thousands of proteins, mRNAs or metabolites can be used to create cell signatures or phenotype measurements. Unfortunately, it is not yet feasible to perform such global measurements of protein, mRNA or metabolite abundance in high-throughput. Moreover, some phenotypes do not involve significant transcriptional changes, whereas others do not involve significant changes in protein or metabolite concentrations. New methods for automating and rapidly performing such measurements would be of value.
Creation and use of biological-activity matrices
After collecting a large amount of data on the ability of the members of a chemical library to bind to a set of proteins and affect a set of phenotypes, the data can be analysed to determine the relationship between chemical structure and biological activity. Each compound can be assigned a vector that describes the quantitative level of binding to each protein, and the quantitative effect this has on each phenotype. Comparing these parameters for different libraries could reveal how specific scaffolds and functional elements influence specificity and diversity. Figure 4 shows an example of how a compound might be evaluated for its ability to bind to nine different kinases. Although this evaluation has not been performed, it should be straightforward to do so.
Such data sets can be used to generate hypotheses regarding the molecular mechanisms underlying biological phenotypes 51 . For example, if each compound in a library has been annotated with a pattern of protein-binding activity, then it is possible to determine whether binding to any specific protein is correlated with the ability to induce a phenotypic change. In validating such an approach, Root et al. 51 rediscovered that small molecules that bind to tubulin are highly likely to inhibit tumour-cell proliferation. This approach can be extended to targets other than proteins: Root et al. 51 also found that compounds that bind to small ions, such as potassium, are able to selectively inhibit the proliferation of lung tumour cells relative to other cells. By annotating compound libraries with high-quality target binding and phenotypic profiles, it is possible to extract information regarding the molecules that regulate these phenotypes.
Further challenges

Specificity of small molecules
One limitation of small molecules is their frequent lack of specificity for a single target protein. This can be problematic when using small molecules both as therapeutic agents and as chemical probes: a lack of specificity can lead to unexpected toxicity, preventing the development of an otherwise promising compound into a drug, and can also confound interpretation of the effects of a compound. This problem of non-specificity is often dose-dependent: at higher concentrations, compounds interact with additional proteins. In addition, specific functional groups and scaffolds have been found to be promiscuous, in the sense that they allow binding to a wide range of proteins or non-specific killing of a wide-range of cell types 52 . Such chemical functions need to be identified and removed from future library designs.
There are several strategies for overcoming the problem of specificity. First, it is preferable to identify and use potent compounds (that is, compounds that are likely to modulate a target protein at low nanomolar or picomolar concentrations) because at such low concentrations they are less likely to affect other proteins. Second, measuring the binding specificity of compounds in the type of largescale protein-binding assays described above should identify some of the alternative protein targets of compounds. Third, it is always critical to confirm the putative mechanism of action of a compound using either additional compounds or other reagents, such as small interfering RNAs (siRNAs) 53, 54 . Although the phenotypic consequences of an RNAi reagent and a small molecule targeting the corresponding mRNA are not always the same, their effects are often sufficiently similar to make this comparison useful. RNAi itself can lack specificity, and it is necessary to test numerous RNAi reagents designed against a target mRNA sequence 55 . Finally, a large collection of RNAi reagents can be a useful tool for high-throughput screens 9 . By using such collections, it should eventually be possible to measure the phenotypic consequences of turning off expression of each gene in an organism.
Building redundancy into a set of probe molecules is an effective way of dealing with the problem of specificity. That is, it is desirable to have not just one compound that inhibits each protein, but rather dozens of compounds that inhibit each protein. If inhibition of insight review articles Figure 4 Using biological-activity matrices to determine the proteins that regulate phenotypes. A hypothetical activity matrix for a library of nine kinase inhibitors. Each row lists the affinity (that is, the equilibrium dissociation constant, written in scientific notation, where 10eǁ6 represents 0.000001 M) of one compound for each of nine different kinase proteins. Smaller numbers indicate higher affinity. The affinities less than or equal to 10eǁ6 are highlighted in red because these correspond to highaffinity compounds for these targets. The kinase proteins are labelled K1 to K9. The same affinity matrix can be used to determine which kinases are involved in specific biological processes. In this hypothetical example, if the four compounds highlighted in blue are all capable of inhibiting the growth of a tumour cell line, the K1 kinase is probably responsible for the ability of these compounds to inhibit the growth of this cell line: this is the only kinase to be targeted by all four compounds.
protein X causes phenotype Y, we would expect -in an ideal world -all the small molecules in our collection that inhibit protein X to cause phenotype Y. In the real world, not every protein-X inhibitor will be effective, because some will bind protein X in slightly different ways or be metabolized differently in different cell types. Nonetheless, our confidence that the modulation of protein X causes phenotype Y should be proportional to the percentage of our protein-X inhibitors that cause phenotype Y. Thus, the problem of specificity can be overcome by assembling a sufficiently redundant set of probe compounds: even if no single compound is specific for one target protein, the collection as a whole contains the requisite information on the effects of modulating each target protein.
Finally, given that compounds have different specificities at different concentrations, it would be preferable to collect information on the effects of each compound at multiple concentrations; a full dose-response curve for each compound would be ideal. Unfortunately, the added time and expense associated with collecting this additional information usually makes it impractical. Therefore, new technologies that allow an increase in the number of tests performed per unit time would be valuable. Alternatively, a smaller number of compounds may be tested with more replicates and a full dose-response curve. This trade off between the number of compounds tested and the quality and completeness of the data set collected for each compound needs to be optimized in each project.
Quality control
When collecting large-scale data sets, attention to quality control is crucial. However, there is an inherent trade off between the level of throughput and data quality in large-scale data collection. A minimum level of quality is necessary to ensure that reliable conclusions are extracted from such data sets. However, attention to data quality has not been a priority for many researchers engaged in highthroughput chemical screens, simply because the data quality required for a screen is much lower than the data quality required for a global analysis 56 (Box 2). In addition, it is important to eliminate artefacts through the use of counter screens for properties that could interfere with the assay readout, such as intrinsic compound fluorescence or compound aggregation. In general, a counter screen is performed on the compounds that emerge from an initial screen, and compounds that are active in the counter screen are not taken further. For example, in a screen that uses the fluorescent dye calcein as a detection method (Fig. 3 ), any compound that shows the same colour of fluorescence as calcein will appear to be a positive compound from the screen; a counter screen would involve testing each compound for its intrinsic fluorescence to eliminate those compounds that were falsely active because of this property.
Finally, it is important to assess the solubility and stability of each tested compound or protein, and to confirm that the chemical being tested is the desired one. Solubility can be measured using nephelometry, which detects insoluble particles in solution, and compound identities can be confirmed using liquid chromatography and mass spectrometry. All these methods of improving data quality increase the time and expense associated with large-scale data collection but are crucial if meaningful conclusions are to be drawn.
Outlook
Designing better tools with which to perturb biological systems requires a systematic evaluation of the properties of existing tools. Although large-scale measurements of the effects of small molecules on proteins and phenotypes can be challenging, the resulting data sets can be useful in probing biological-activity diversity. New ways to increase the complexity and sophistication of the phenotypic assays and protein-binding measurements that can be performed on vast arrays of molecules will prove valuable. Moreover, more comprehensive and effective compound libraries will allow us to perturb an increasing percentage of the macromolecules that make up living systems. In so doing, we may move closer to understanding the roles of the diverse molecules that are responsible for life, death and disease. 
